Resistance or susceptibility of maize inbreds to infection by Aspergillusflavus was evaluated by the kernel screening assay. A green fluorescent protein-expressing strain of A. flavus was used to measure fungal spread and aflatoxin levels in real-time following fungal infection of kernels. Among the four inbreds tested, MI82 showed the most resistance and Ga209 the least. TZARlOl was also resistant to fungal infection, whereas Va35 was susceptible to fungal infection. However, Va35 produced lower aflatoxin levels compared to the susceptible line Ga209. Fluorescence microscopy indicated that the site of entry of the fungus into the kernel was consistently through the pedicel. Entry through the pericarp was never observed in undamaged kernels. In view of these results, incorporation or overexpression of antifungal proteins should be targeted to the pedicel and basal endosperm region in developing kernels. Once the fungus has entered through the pedicel, it spreads quickly through the open spaces between the pericarp and the aleurone layer, ultimately colonising the endosperm and scutellum and, finally, the embryo. A clear correlation was established between fungal fluorescence and aflatoxin levels. This method provides a qUick, reliable means of evaluating resistance to A. flavus in undamaged kernels and provides breeders with a rapid method to evaluate maize germplasm.
Introduction
Aflatoxins produced by Aspergillus spp. contaminate diverse food and feed crops including maize, cotton, peanuts and tree nuts (CAST, 2003) . Identification of native resistant genes in germ plasm is essential for conventional or molecular crop breeding programmes. Unfortunately, resistance to this group of saprophytic fungi is very rare in cultivated crops due to lack of a precise host-pathogen relationship. However, in maize, several genotypes have been identified as resistant to aflatoxin contamination (Campbell and White, 1995; Guo et al., 2011; McMillan et at., 1993; Menkir et ai., 2008; Zummo, 1988, 1992; White et ai., 1995; Widstrom et ai., 1987; Williams and Windham, 2012) due:: to ~e::ve::ral factors ~uch as physical barriers (Gembeh et ai., 2001; Walker and White, 2001) or the presence of antifungal proteins (Balandin et al., 2005; Brown et al., 1999 Brown et al., , 2010 Guo et at., 1998; Huang et at., 1997; Huynh et ai., 1992; Roberts and Salintrennikoff, 1990; Serna et ai., 2001) .
In addition to the identification of resistance genes, successful breeding programmes must also elucidate the etiology of the fungus so that the breeding objectives include the expression of relevant tissue-or organ-specific resistance genes . To understand the mode of Aspergillus infection and spread of the fungus in maize kernels, breeders have utilised several techniques for artificial inoculation of maize (Scott and Zummo, 1988) , the most prominent being needle or pinbar injection of conidia into maize cobs, which is extensively used even today (Darrah ct al., 1987; White ct al., 1995) . While this Inay ilnitate fungal entry through insect damage, it does not provide adequate explanation as to how the infection spreads to other undamaged kernels in the cob. Marsh and Payne (1984) observed through scanning electron microscopy indirect and direct penetration of silk and also showed early hyphal growth in the tip-cap (pedicel). Through light microscopy, Smart et ai. (1990) provided evidence that the fungus entered either superficially or through the internal airspace in the rachis and spikelets.
Using an Aspergillus strain expressing the Escherichia coli ~-glucuronidase gene Brown et ai. (1995 Brown et ai. ( , 1997 ) developed a laboratory kernel-screening assay (KSA) to study resistance to aflatoxin production in kernels from 31 inbreds and the highly resistant GT-MAS:gk. They also demonstrated kernel resistance to fungal infection in non-wounded and wounded kernels both visually and quantitatively, and a positive relationship between the degree of fungal infection and aflatoxin levels was established. Keller et at. (1994) developed a method for visual identification of mycotoxins in maize kernels using an Aspergillus mutant that produces an orange intermediate, norsolorinic acid, of aflatoxin and sterigmatocystin.
Recently, an aflatoxigenic Aspergillus ftavus strain engineered to express the green fluorescent protein (GFP) from the jelly fish Aequorea victoria was utilised in our laboratory to study the mode of entry, fungal growth and colonisation in cottonseed during boll and seed development (Rajasekaran et ai., 2008) . We concluded that the GFP-expressing A. flavus is not only useful in assaying for resistance to the fungus, but also provides an extremely sensitive and rapid assay to delineate different degrees of susceptibility or resistance to the fungus and pre-harvest aflatoxin contamination. In the present study, we have extended this method using the GFP-expressingA.flavus strain to assay four maize lines, with different degrees of resistance to aflatoxin contamination, for their resistance to fungal growth and aflatoxin levels in undamaged kernels. The objective of this study is to validate the KSA procedure using the GFP-expressingA.flavus strain to study infection patterns, fungal growth and colonisation in undamaged maize kernels, and aflatoxin production. A. flavus 70-GFP (Rajasekaran et at. 2008) was grown in the dark at 31 'C on V8 medium (5% V8 juice, 2% agar, pH 5.2). Spores from 6-day old cultures were suspended in 0.02% Triton X-lOO; the conidial concentration was determined with a haemocytometer and adjusted to 4x10 6 conidia/m!. (Bhatnagar et at., 2008; Maupin et at., 2003) , was included as a positive contro!' All the botanical terms used in this report are according to I<iesselbach (1999) .
Materials and methods

Fungal strains and growth conditions
Maize lines
Kernel screening assay
Undamaged maize kernels were surface-sterilised 'with 70% ethanol and subjected to the kernel KSA (Brown et aL, 1993 (Brown et aL, , 1995 . Surface-sterilised kernels were briefly immersed in a 4x 10 6 conidial inoculum and placed in plastic vial caps (20 mm diameter, 6 mm height). Four caps were placed in an open tissue-culture dish (60x15 mm; Becton Dickinson Co., Oxnard, CA, USA), representing one experimental unit. Culture dishes were placed side by side in a clear tray (243x243x 18 mm, Nunc bioassay dish; Thomas Scientific, Swedesboro, NJ, USA) lined with 3 mm chromatography paper (Whatman International, Maidstone, UK). The lid was placed on top of the tray but was not sealed. High humidity (>95% RH) was maintained by adding 30 ml sterile deionised water to the tray. Kernels were incubated for 7 days in the dark at 31 'C ( Figure 1 ).
Kernels were sampled at 0, 2, 4, 6, 8, 10 and 12 days after inoculation with A. flavus. At each time point, four to six representative kernels were randomly chosen and photographed using an Olympus SZH10 research stereo microscope (Olympus, Center Valley, PA, USA) equipped with a Nikon Digital Camera DXM1200 (Nikon Instruments, Melville, NY, USA). The kernels were then divided evenly for use in aflatoxin analysis and GFP quantitation. A minimum of 9 replicates (4 kernels each) were used for each day of sampling.
GFP quantitation
Maize kernels were homogenised with a mortar and pestle, diluted in 1.0 ml Sorenson's phosphate buffer (pH 7.0) and centrifuged at 10,000 rpm for 15 min. Supernatants were then analysed for GFP using a Perkin-Elmer HTS 7000 Bio Assay Reader (Perkin-Elmer, Waltham, MA, USA) with excitation at 485 nm and emission at 535 nm. Relative fluorescence units were used for statistical analyses or normalised as % values.
Aflatoxin extraction and analysis
Homogenates of maize kernels were dried in a forced air oven (60 'C) and extracted with methylene chloride (Brown et ai., 1993) . After two days in the oven, the samples were crushed with a hammer, transferred to Erlenmeyer flasks Evaluation of aflatoxin resistance in maize and dry weights recorded. Methylene chloride (25 ml) was added and the samples were shaken for 30 min with a wrist action shal<er (Burrell Scientific, Pittsburgh, PA, USA). Flask contents were filtered into a beaker and air-dried overnight. The beaker residues were dissolved with 5.0 ml methylene chloride, transferred to vials and air-dried overnight. The following day, the vial residues were dissolved in 4.0 ml 80% methanol and total aflatoxin levels were measured with the FluoroQuant Afla Test Kit for aflatoxin analysis (Romer Labs, Union, MO, USA).
Average fluorescence and aflatoxin values from a minimum of nine replicates were subjected to nonparametric ANOYA using the GraphPad Prism (version 5) software (GraphPad Software, Inc., La Jolla, CA, USA).
Results
Fungal entry, infection and colonisation of maize kernels
Undamaged kernels from four inbreds, Ga209, MI82, TZARI0l and Ya35, were dipped in A. flavus 70-GFP conidial suspension and the fungus was allowed to colonise the kernels under humid conditions (Figure 1) . Infected kernels were observed under a stereo light microscope and photographed at regular intervals. Mycelia were first observed on the outer hull as early as 2-4 days after inoculation and the first visible infection was always at the pedicel (Figure 2) . Colonisation of the fungus spread outward from the initial germination points of the conidia and all kernels showed visible infection after 6 days. By 8 days, visible swelling of the pericarp was evident, caused by fungal growth within the seed (Figure 2) . At this stage of infection, mycelial growth under the pericarp was increasing and at 10 days after inoculation sclerotial development caused the pericarp to bulge outward and rupture. Within 10-12 days, the entire endosperm and occasionally the (E) 10 days after inoculation. En: endosperm; P: pedicel; Sc: scutellum.
embryo (especially if it was non-viable as determined by observation under a light microscope) were colonised by the fungus. To observe the colonisation inside the kernels, a longitudinal section was made and observed under the fluorescent microscope.
A typical progression of an A. flavus-GFP strain inside the kernel of TZAR101 is presented in Figure 3 . Observation of the fluorescence from the GFP strain indicated that the site of entry is consistently the pedicel with the mycelia growing through the pedicel, past the abscission zone (black layer) and into the surrounding tissues (scutellum, endosperm, aleurone layer). Although fungal growth was observed on the outer hull (pericarp) in undamaged seeds, no direct penetration of the fungus into the pericarp was ever observed. After entering the kernel via the pedicel ( Figure  3A) , the fungus spread within the endosperm along the embryo:endosperm interface ( Figure 3B and 3C) and along the aleurone layer ( Figure 3D ) eventually colonising the oil-rich scutellum and finally the embryo ( Figures 3D and  3£ ). In kernels with non-viable embryos, the colonisation of the embryo was rapid and readily visible. Production of sclerotia (compact masses of hardened fungal mycelium) was often observed in the open space between the aleurone layer and the pericarp (not shown).
The path of fungal spread was similar for both resistant and susceptible lines i.e., through the pedicel into the seed and then spreading along the embryo:endosperm interface and aleurone layer. However, clear differences between the resistant and susceptible lines occurred in the rate and degree of infection within the seed; resistant lines exhibit a delayed infection rate and a lesser amount of infection (Figure 4) . The resistant line, MI82, exhibited the most resistance to A. flavus. Significantly less infection occurred on the outer hull compared to the other maize lines. Within 
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Ml82 kernels, the spread of mycelia through the pedicel was delayed compared to Va35, as was the infection rate in the endosperm.
Aflatoxin content
The difference among the four inbred lines in fungal growth, as determined by GFP fluorescence, was measured eight days after inoculation ( Figure 5 ). Significant differences were observed between the resistant (MI82) and the susceptible (Ga 209) lines ( Figure 5A ). TZAR 101 also provided significant resistance to fungal spread within the kernel and both Ga209 and Va35 were susceptible to flavus infection ( Figure 5A ). All four lines showed a direct correlation between aflatoxin content and GFP fluorescence values. Both Ml82 and TZAR101 showed reduced aflatoxin content compared to Ga209 and Va35 ( Figure 5B) . Va35 recorded high values in fungal fluorescence but showed lesser aflatoxin content on day eight after inoculation ( Figure 5A and B). We also observed a positive correlation (r2~0.90) between fungal growth (as determined by the GFP fluorescence) and total aflatoxin levels in the kernels ( Figure 6A and 6B) . 
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Evaluation of aflatoxin resistance in maize
Discussion
Using an A. flavus strain expressing the GFP gene to track infection of maize kernels, we have confirmed the site of entry and subsequent fungal spread in kernels from four inbred maize lines. This method of evaluation is faster and more sensitive compared to the kernel screening assay using the A. flavus transformant expressing the ~-glucuronidase gene (GUS) from E. coli (Brown et al., 1995) . The GUS reporter system is time-consuming, requires destructive sampling and does not lend itself to real-time colonisation studies. Du et al. (1999) used an enhanced GFP (EGFP) reporter gene, fused to a viral promoter and/or to the coding region of A. fla vus aflR, to monitor fungal colonisation in five maize lines and observed GFP fluorescence (under a 365 nm UV light) correlated with resistance to aflatoxin accumulation. In our studies, the EGFP gene was placed under the control of the constitutively expressed Aspergillus nidulans glyceraldehyde-3 phosphate dehydrogenase (gpdA) gene promoter and the Aspergillus parasiticus nmt-l gene transcriptional terminator (Rajasekaran et al., 2008) . This A. flavus GFP-strain fluoresces brightly and GFP production does not interfere with pathogen aggressiveness (Rajasekaran et al., 2008) . In contrast, Crespo-Sempre et al. KSA with either GUS or GFP reporter systems utilise undamaged mature kernels in a moist environment.
The assay provides an environment that is akin to field environment ripe for infection of kernels at or prior to physiological maturity when the moisture content is 30 35% (Kiesselbach and Walker, 1952) . Rambo et at. (1974) studied pre-harvest inoculation of dent maize with A.flavus and A. parasiticus and concluded that ears inoculated at later stages of maturity, late milk and early dough, were more susceptible to infection than ears inoculated at the silking or early milk stages. Further studies on inoculation of immature ears and kernels with the A.flavus 70-GFP strain are yet to be carried out in our laboratory. They should provide more information on the mode of entry and spread during early stages of ear development and the precise roles of the abscission or black layer, previously referred to as the closing layer (Kiesselbach and Walker, 1952) .
In this study, we have compared undamaged kernels from four inbred maize lines for their susceptibility to A. flavus infection. Several authors have reported on the pre-harvest aflatoxin contamination of some of these lines (Brown et ai., 2001; Campbell and White, 1995; Kelley et al., 2012; Luo et al., 2011; Maupin et ai., 2003; Scott and Zummo, 1990; Scully et ai., 2012; Williams, 2006; Windham and Williams, 2002 ) but they did not focus on how A. flavus spreads within the seed over time or the distinct difference in spread and colonisation of kernels of different maize lines. For reference it is always useful to include one of the maize genotypes in which an association with resistance to Aspergillus or aflatoxin contamination has been identified. for example, MI82, C12, Mp420, GT-MAS:gk (Bhatnagar et ai., 2008; Maupin et al., 2003) . By tracking the fluorescence of the invading A. flavus strain, we have demonstrated in this study that the path of entry into undamaged kernels is always through the pedicel. Other authors have also suggested that the pedicel is the site of entry for A.flavus (Brown et ai., 1995; Marsh and Payne, 1984; Smart et ai., 1990) . In view of these results, emphasis should be placed on developing resistance to this saprophytic fungus in the pedicel and basal endosperm region in developing kernels (commonly referred to as BETL or basal endosperm transfer layer) to prevent fungal entry. Incorporation or overexpression of antifungal proteins in the endosperm along with improvement of pericarp traits (e.g., wax or other structural characteristics; Gembeh et ai., 2001; Guo et ai., 1995; Russin et al., 1997; Walker and White, 2001) and chemical composition of pedicel/rachis (Mellon and Moreau, 2004 ) is essential to improve resistance to aflatoxin contamination.
In summary, we have developed an easy, sensitive and rapid assay using a GFP-expressing A. flavus to evaluate resistance or susceptibility of undamaged kernels of different maize genotypes. Unlike previous studies that depend on histochemical evaluation (e.g., Brown et at., 1995) , this method provides a means for real-time tracking of the fungal fluorescence under UV light without the need for a microscope or filters (Du et ai., 1999; Rajasekaran et ai., 2008) . We believe that this assay should be applicable to a maize crop under field conditions where the degree of fungal infection is subject to several factors including environmental conditions, insect injury and agronomic practices. We have shown that A. fiavus entry into undamaged kernels occurs invariably through the rachilla and pedicel. We have also established a close relationship between GFP fluorescence and aflatoxin levels for this strain ofA. flavus. Similar correlations need to be established for other strains as there exists a great deal of intraspecific variation in their ability to infect, spread and produce toxins (Bhatnagar et ai., 1994) . In addition, resistant mechanisms (e.g. antifungal proteins) in different inbreds may vary and it should be taken into account (Chen et al., 2002) .
